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Abstract. We compare the prompt X-ray (2-10 keV) emission
of GRB990510 measured by the BeppoSAX Wide Field Cam-
eras (WFC) during the burst to the X-ray afterglow detected by
the BeppoSAX Narrow Field Instruments. The X-ray emission
from ∼ 102 to 105 seconds after the GRB is well described
by an external shock expanding in a decelerating jet, in which
synchrotron radiation takes place. This model, represented by
a double power-law of indices α1 ' 1 and α2 ' 2 before and
after a jet collimation break time of ∼1 day after GRB, respec-
tively, is consistent with the tail of the burst temporal profile
and upper limits measured by the WFC. A single power-law
f(t) ∝ t−1.42 is instead ruled out. Our finding indicates that
the temporal behavior of the GRB990510 X-ray afterglow is
similar to that at optical wavelengths, and thus strengthens the
interpretation of the multiwavelength afterglow as synchrotron
emission in a jet with decreasing Lorenz factor. GRB990510
is thus the only burst in which evidence of a spreading jet has
been found in X-rays. The synchrotron cooling frequency ap-
pears to be evolving consistently with the above picture.
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1. Introduction
GRB990510 was detected by the CGRO BATSE instrument
and by the Gamma-Ray Burst Monitor (GRBM) onboard Bep-
poSAX on 1999 May 10.3674 UT. Following the localization
by the BeppoSAX Wide Field Cameras (WFC, 2-26 keV) Unit
2, the afterglow search promptly started and allowed the detec-
tion of a bright and variable source at X-ray, optical and radio
wavelengths (Kuulkers et al. 2000; Harrison et al. 1999; Stanek
et al. 1999; Israel et al. 1999). Polarimetry of the optical tran-
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sient yielded the first measurement of an afterglow polarization
percentage (1.7%, Wijers et al. 1999; Covino et al. 1999). Opti-
cal spectroscopy detected many absorption lines and led to the
estimate of a lower limit on the redshift, z > 1.62 (Vreeswijk
et al. 2000). Late epoch photometry from ground and with HST
put limits on the magnitude of the host galaxy (Beuermann et
al. 1999; Fruchter et al. 1999) and eventually provided evidence
for a faint, small nebulosity (Fruchter et al. 2000; Bloom 2000).
The optical and radio temporal behavior of the afterglow sug-
gests that this has developed within a jet progressively spread-
ing and laterally expanding (Harrison et al. 1999; Stanek et al.
1999). Panaitescu and Kumar (2000) have modeled the after-
glow multiwavelength light curves with synchrotron radiation
in a relativistic jet expanding in a medium of uniform density.
The signature of a decreasingly collimated jet is the simul-
taneous steepening of afterglow light curves at all frequencies
(Sari et al. 1999; Rhoads 1999; see however Wei & Lu 2000).
This is clearly seen in the optical data of GRB990510, which
can be described by two temporal power-laws, f(t) ∝ t−α, of
indices α ∼ 0.8 and α >∼ 2 before and after a break occurred
at approximately 1 day after the GRB, respectively. Instead,
the X-ray afterglow data are not critical in discerning between
a spherical or jet hydrodynamical expansion (Kuulkers et al.
2000), due to limited signal-to-noise ratio of the BeppoSAX
Narrow Field Instruments (NFI) data, to the relatively long in-
terval elapsed between GRB detection and NFI pointing (8 hr),
and to the limited duration of the observation (36 hr). The data
are consistent both with a single power-law f(t) ∝ t−1.42 and
with a double power-law. Based on the standard afterglow syn-
chrotron model, Kuulkers et al. argue that if decreasing beam-
ing is taking place, a break should occur at ∼1 day after the
GRB, as in the optical, and the indices of the temporal power-
laws should be ∼1.1 before the break, i.e. steeper than in the
optical by ∆α ' 0.25, and ∼2.1 after the break, i.e., equal to
the optical (see Sari et al. 1998; Sari et al. 1999). By apply-
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Fig. 1. BeppoSAX light curves of GRB990510 in the 2-10 keV range: WFC temporal profile (solid curve, filled triangles and 3-σ upper limits)
and afterglow NFI measurements (filled circles). Also shown are the single power-law f(t) ∝ t−1.42 (dot) fitted to the afterglow by Kuulkers
et al. (2000), the power-law f(t) ∝ t−3.7 (short dash) which best-fits the last four points of the WFC profile, and the double power-law of
indices α1 ' 1 and α2 ' 2 (long dash) derived from Panaitescu & Kumar afterglow model (z = 1.62. The fit has χ2 = 41 for 69 degrees of
freedom). The six model parameters are isotropic equivalent energy E0 = 5.42 × 1053 erg, initial jet half-opening angle θ0 = 2.71 degrees,
density of homogeneous external medium n = 0.135 cm−3, fraction of shock energy going into electrons e = 4.62× 10−2, magnetic energy
density B = 8.63 × 10−4, exponent of injected power-law electron distribution p = 2.01. The amount of jet energy lost radiatively until 2
days after GRB is 45%. Note that these parameters, slightly revised with respect to those reported in Panaitescu & Kumar 2000 for this burst,
are affected by rather large uncertainties, and must therefore only be considered as representative. The extrapolation of the single power-law
t−1.42 backward to the time of the prompt event is not consistent with the WFC latest points and upper limits, while the double power-law
matches both very well
ing these parameters to the X-ray light curve, Kuulkers et al.
(2000) find a good agreement.
Since the two descriptions of the X-ray light curve (single
or double power-law) would imply a very different flux level
at the early epochs (from few to hundreds of seconds after the
GRB), a crucial test to select the correct model is provided by
the comparison of the X-ray afterglow NFI data and the X-ray
prompt event WFC data. Moreover, simultaneous multiwave-
length spectra of the afterglow at many epochs would allow
us to follow its temporal evolution and specifically to map the
behavior of the synchrotron cooling frequency, which is critical
in distinguishing an isotropic from a beamed expansion. There-
fore, we have retrieved from the BeppoSAX archive and ana-
lyzed the WFC data of the prompt event, and we have collected
from the literature simultaneous optical and X-ray data of the
afterglow of GRB990510. Our multiwavelength data analysis
and results are described in §2 and discussed in §3.
32. The X-ray light curve and the broad-band spectrum
The WFC data of the prompt GRB990510 event have been re-
trieved from the BeppoSAX archive (see also Briggs 2000) and
analyzed by means of a standard package which includes the
“iterative removal of source” procedures (IROS, V. 105.108,
e.g. Jager et al. 1997). These implicitly subtract the background
and the other sources in the field of view. The burst direction
was offset by 15 with respect to the WFC axis, which implies
an effective collecting area of 32 cm2, and its fluence in the 2-
10 keV energy range was (3.3±0.1)×10−6 erg cm−2. Figure 1
shows the temporal profile of the prompt event and of the X-ray
afterglow measured by the NFI during the interval from 8 to 44
hours after the burst in the energy range 2-10 keV. Significant
WFC signal is detected up to∼120 s after the GRB trigger. The
four last points of the WFC profile (70-120 s after GRB) exhibit
a fast decay, best-fitted with a power-law f(t) ∝ t−3.7. We
have analyzed the spectrum measured by the WFC during this
time interval in the 2-26 keV energy range, using the XSPEC
package (V. 10.0, Arnaud 1996), and obtained a good fit with
a power-law f(ν) ∝ ν−β of index β = 0.96 ± 0.26. This is
consistent with the upper limits provided by the BeppoSAX
GRBM (40-700 keV) in the same time interval. In Fig. 1 are
also reported the 3-σ upper limits on the X-ray flux, determined
by the WFC after the GRB subsided under background. The tail
of the X-ray prompt emission and the following upper limits
are inconsistent with an extrapolation of the single power-law
fitted by Kuulkers et al. to the afterglow back to the time of the
burst, as shown in Fig. 1. Therefore, we have extended the ap-
plication of the model of Panaitescu and Kumar (2000), which
well accounts for the multiwavelength afterglow emission of
GRB990510, to the early epochs after the GRB (∼100 sec-
onds). The model curve, obtained by adjusting the geometric
and physical parameters (see caption to Fig. 1), asymptotically
tends, at early and late epochs, to power-laws of indices α1 ∼ 1
and α2 ∼ 2, respectively, consistent with the temporal indices
suggested by Kuulkers et al. (2000). The curve reproduces well
the trend of the X-ray afterglow data, and is in excellent agree-
ment with the WFC last four data points and the three upper
limits.
In a spreading jet scenario the synchrotron cooling fre-
quency, νC , is predicted to decrease before the occurrence of
the temporal break at which the light curve starts steepening,
because till then the observed evolution does not differ from
a spherically symmetric case (the beaming angle is still much
smaller than the jet opening angle), and to stabilize after the
break to a constant value (Sari et al. 1998; Sari et al. 1999).
To test this temporal behavior, we have compared the X-ray
and optical data of the GRB990510 afterglow: its simultaneous
X-ray and optical light curves are shown in Fig. 2a. The host
galaxy contribution (which is very small, V ≈ 28, Fruchter et
al. 2000; Bloom 2000) has not been subtracted from the opti-
cal data. We have selected seven epochs at which simultane-
ous measurements in X-rays and in at least 3 optical bands are
available. The simultaneity criterion was a time separation be-
tween the optical and X-ray sampling of less than 20 minutes;
only for May 11.978 the separation is 1.3 hr, which we have
verified to be larger than the time scale for significant optical
variability at that epoch. We note that, since νC is predicted to
be well above the B optical band (Panaitescu & Kumar 2000),
the slight curvature of the optical spectrum observed by Stanek
et al. (1999) and Beuermann et al. (1999) in this band cannot be
ascribed to synchrotron cooling, and may be due instead to in-
trinsic or intervening absorption. Therefore, for consistency we
excluded the B band data from the following fit and computa-
tion. After dereddening the optical data for the Galactic absorp-
tion using EB−V = 0.2 and the extinction curve of Cardelli
et al. (1989), converting them to fluxes with the zero points
of Fukugita et al. (1995), and rescaling them, via interpola-
tion, to the time of the X-ray measurement, we estimated νC at
each epoch by intersecting the optical spectral slope (evaluated
through a power-law fit of the VRI data) and the X-ray spec-
tral slope, as reported by Kuulkers et al. (2000) in their Table
3. The resulting values are reported in Fig. 2b: νC is approxi-
mately 7× 1015 Hz and does not exhibit significant variability,
given the large errors.
3. Discussion
Most of the GRB X-ray afterglows observed by BeppoSAX are
well described by a single power-law decay of index α ∼1.1-
1.6 which connects smoothly with the tail of the X-ray prompt
emission detected by the WFC simultaneously with the GRB
(Costa et al. 1997; Piro et al. 1998; in ’t Zand et al. 1998;
Nicastro et al. 1999; Costa 1999). Assuming that the latest X-
rays detected during a GRB already represent afterglow emis-
sion (Sari & Piran 1999; Frontera et al. 2000a), and excluding
unpredictable variability (see e.g. case of GRB981226, Fron-
tera et al. 2000b), one should expect such a smooth match also
in GRB990510. Although a single power-law f(t) ∝ t−1.42
fits well the X-ray afterglow data (Kuulkers et al. 2000), its
extrapolation backward to the time of the burst clearly does
not account for the WFC last four points and upper limits
(Fig. 1), and is therefore ruled out. Synchrotron radiation in an
external shock developing in a jet which decelerates in a uni-
form medium is instead fully consistent with the data of both
prompt and delayed X-ray emission, and is supported by sim-
ilar evidence in the observed optical behavior. Thus, not only
GRB990510 is the burst for which the clearest evidence of a
spreading jet has been found in the optical, but it is also the
unique case for which such evidence is present in X-rays.
The final part of the WFC profile (from 70 to 120 seconds
after the GRB) is declining much more fastly (t−3.7) than the
afterglow, and therefore cannot be reconciled with it (Sari & Pi-
ran 1999). Even if the afterglow of GRB990510 may start ear-
lier than ∼120 s after GRB, till then the emission is dominated
by internal shocks. This early X-ray decline can be steeper than
2+β, where β is the spectral index of the GRB X-ray emission
(see Fig. 1 in Kumar & Panaitescu 2000). When the external
shock starts dominating the emission the X-ray spectral index
is expected to assume the value β = p/2 ' 1, consistent with
the X-ray spectral slope measured by Kuulkers et al. for the af-
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Fig. 2. (a) Simultaneous X-ray and optical light curves of the
GRB990510 afterglow. Optical data in I (filled squares), R (empty cir-
cles), V (filled triangles) and B (open squares) filters, and X-ray data at
5 keV (filled circles) have been collected from Harrison et al. (1999),
Stanek et al. (1999), Israel et al. (1999), Beuermann et al. (1999),
Fruchter et al. (1999), Kuulkers et al. (2000). The flux normalization
is in arbitrary units, except for the X-ray data, which are reported in
µJy. Superimposed on the data are the curves (solid) corresponding to
the model of Panaitescu & Kumar (2000). The model curve relative
to the X-ray data is extrapolated up to 10 days after GRB (dashed).
The model parameters are reported in the caption to Fig. 1. (b) Syn-
chrotron cooling frequency, estimated from simultaneous optical and
X-ray data, as a function of time
terglow. The shape of the WFC spectrum during the last 50 sec-
onds, ν−1, suggests that, in a νfν representation, the peak en-
ergy is located within or just below the WFC band at this epoch.
Since the physical parameters of the shock (see Fig. 1) imply
that the transition between the fast and slow cooling occurs at
<∼ 1 second after the GRB, this peak corresponds to the cool-
ing frequency, νC . The νC subsequently decreases, in a way
approximately consistent with adiabatic or radiative evolution,
reaching the far-ultraviolet band at the collimation break time
(∼1 day after GRB), as inferred from the optical and X-ray
spectral indices (βop ' 0.6, Stanek et al. 1999; βX ' 1.1, Ku-
ulkers et al. 2000), as predicted by Panaitescu & Kumar (2000;
see their Figure 3), and as computed empirically by us (Fig. 2).
Our values of νC after the collimation break time are compat-
ible with the predicted constancy (Sari et al. 1998; Sari et al.
1999).
Future observations of multiwavelength prompt and de-
layed emission of GRBs and their afterglows with a better tem-
poral coverage and sampling during the first two days after the
burst than it is now affordable, will allow us to study in detail
the jet phenomenon in these events.
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